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ABSTRACT

Acute liver injury (ALI) has an elevated fatality rate due to untimely and ineffective
treatment. Although, schisandrin B (SchB) has been extensively used to treat diverse
liver diseases, its therapeutic efficacy on ALI was limited due to its high hydrophobicity.
Palmitic acid-modified serum albumin (PSA) is not only an effective carrier for hydrophobic
drugs, but also has a superb targeting effect via scavenger receptor-A (SR-A) on the M1
macrophages, which are potential therapeutic targets for ALL. Compared with the common
macrophage-targeted delivery systems, PSA enables site-specific drug delivery to reduce
off-target toxicity. Herein, we prepared SchB-PSA nanoparticles and further assessed their
therapeutic effect on ALI In vitro, compared with human serum albumin encapsulated SchB
nanoparticles (SchB-HSA NPs), the SchB-PSA NPs exhibited more potent cytotoxicity on
lipopolysaccharide (LPS) stimulated Raw264.7 (LAR) cells, and LAR cells took up PSA NPs
8.79 times more than HSA NPs. As expected, the PSA NPs also accumulated more in the
liver. Moreover, SchB-PSA NPs dramatically reduced the activation of NF-«B signaling, and
significantly relieved inflammatory response and hepatic necrosis. Notably, the high dose of
SchB-PSA NPs improved the survival rate in 72 h of ALI mice to 75%. Hence, SchB-PSA NPs
are promising to treat ALL
© 2023 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

liver failure with limited treatment [1-3]. The hepatic
macrophages, also called Kupffer cells, the most numerous
immune cells in the liver, are situated in the hepatic sinusoids

One of the universal liver diseases worldwide, acute liver and provide a crucial function in varied liver diseases [4].
injury (ALI) can rapidly develop into life-threatening acute Particularly, M1 macrophages are essential for controlling the
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Scheme 1 - Schematic representation of the M1 macrophage targeting effect of SchB-PSA NPs on ALI. SchB-PSA NPs can
specifically target SR-A overexpressed on M1 macrophages so that SchB can be released at sites of inflammation in the liver
and inhibit the production of pro-inflammatory mediators to reduce liver injury.

inflammatory response in the organism [5-7], which is vital
in the progression of ALI [5,8-12]. For ALI triggered by LPS/D-
galactosamine (D-GalN), activated M1 macrophages release
large amounts of pro-inflammatory cytokines containing the
tumor necrosis factor o (TNF-«), interleukin-6 (IL-6) and IL-18,
which can aggravate the pathological progression and further
lead to excessive hepatocyte death [5,13-15]. Therefore,
the M1 macrophage is an attractive target for treating
ALL

Researchers have developed several kinds of strategies
to target macrophages [16,17]. Among them, chondroitin
sulfate (CS) and hyaluronic acid (HA) have been extensively
used to modify nanoparticles (NPs) to target macrophages
via CD44-mediated endocytosis [18,19]. However, the CD44
receptors are also expressed on erythrocytes, dendritic cells,
endothelial cells, keratinocytes, et al. [20-22]. Although some
studies also reported that mannose-modified NPs could
target macrophages via mannose receptors [23], the mannose
receptor is also found on various immune cells [24] and
even on human keratinocytes [25]. These drug delivery
systems could cause side effects due to unspecific site
targeting. Accordingly, it is crucial to craft a specific target
delivery system without impacting normal cells and tissues
[26].

Scavenger receptors are highly expressed in the liver
[27]. Specifically, the SR-A receptor, also named macrophage
scavenger receptor 1 (MSR1) [28], is strongly and specifically
expressed on activated macrophages, and its distribution in
normal tissues is insignificant [29,30]. In our previous studies,
Palmitic acid-modified serum albumin (PSA) NPs showed a
more remarkable targeting effect on M1 macrophages via SR-

A, which has been demonstrated to be stronger than the
targeting effect of CS-modified NPs via CD44, whether in vitro
or in vivo [29]. Therefore, the desirable property makes PSA a
potential vehicle for treating ALI with desired efficacy and less
toxicity.

Schisandrin B (SchB), isolated from Schisandra Chinensis, is a
potential candidate compound for hepatic diseases, including
acute liver injury [31], liver fibrosis [32,33], nonalcoholic
fatty liver [34] and so on. And it has been documented
to exhibit varieties of pharmacological actions, containing
liver protection, antioxidant, anti-inflammation, antiaging
and antitumor [35]. Mainly, SchB can prevent the activation of
macrophages and the release of pro-inflammatory mediators
by suppressing the nuclear factor «B (NF-«B) pathway
[32,33,36-40|. The NF-«B signaling is essential for initiating
an inflammatory response [41], and inflammation is a key
pathological component of ALI [27]. Hence, SchB is an
ideal drug for ALI. However, the effect of SchB is restricted
due to its hydrophobicity and poor bioavailability via oral
administration [42,43].

Here, PSA, a distinguished drug delivery carrier for
hydrophobic drugs, was used to encapsulate SchB to
improve its bioavailability and reduce toxicities. Small,
stable, and well-dispersed SchB-PSA/HSA nanoparticles
were prepared and characterized. The cytotoxicity and
anti-inflammatory effect were evaluated in vitro. Then, we
estimated the M1 macrophage targeting effect, distribution,
and pharmacokinetic characteristics of PSA/HSA NPs in vivo.
Ultimately, we evaluated the therapeutic actions of SchB-PSA
NPs for treating ALI, in comparison to SchB-HSA NPs and
SchB solution (Scheme 1).
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2. Materials and method
2.1. Materials

Schisandrin B (SchB), N-succinimidyl palmitate (PA-NHSE)
and D-galactosamine were obtained from Yuanye Bio-
Technology Co., Ltd (Shanghai, China). Tieling Beiya
pharmaceutical Oil Co., Ltd (Liaoning, China) provided
medium chain triglyceride (MCT). Lipopolysaccharide (LPS)
is from Biosharp (Hefei, China), while 1,19 -dioctadecyl-
3,3,39,39 tetramethylindodicarbocyanine (DiD) from Biotium
(Hayward, USA). ELISA kits used for assay of the levels of
TNF-q, II-6 and IL-18. FITC-conjugated anti-rat F4/80 antibody
and PE-conjugated anti-rat CD86 antibody were supplied by
Invitrogen (CA, USA). Shanghai Bihe Biochemical Technology
Co., Ltd offered an anti-CD204 (SR-A) antibody. The anti-
CD86 antibody was from Abcam Shanghai Trading Co., Ltd.
DAPI was from Beijing Solarbio Science & Technology Co.,
Ltd. Primary antibodies NF«B-p65, IkBa, phosphor-IkBa (p-
IkBa), B-actin and secondary antibodies were from HuaBio
Biotechnology Co., Ltd (Zhejiang, China), and phosphorylated
NF-«B (p-p65) was from ImmunoWay Biotechnology Co., Ltd
(DE, USA). All agents were of analytical grade or better.

2.2.  Synthesis of PSA

PSA was synthesized as the previous reports [29,30]. Briefly,
6.6 g HSA powder was added to 20 ml NaHCO3 buffer (pH
8.4-8.6) in a 37 °C water bath. Simultaneously 0.7 g PA-
NHSE was added to 2 ml N, N-dimethylformamide in a 60 °C
water bath, then immediately mixed with the HSA/NaHCO3
solution and agitated at 37 °C water bath for 24 h. Finally, the
mixed solution was dialyzed for 48 h at room temperature
to remove the insoluble materials at 10,000 rpm for 10 min.
Then PSA lyophilized powder was obtained by a freeze-dried
method. Moreover, the PSA and HSA were characterized by
circular dichroism and fluorescence spectra [29,30]. Briefly,
PSA and HSA powder were dissolved in PBS (pH 7.27) to form
0.2 mg/ml solution, respectively. And the circular dichroism
spectra was acquired via circular dichroism spectrometer
(Chirascan, Applied Photophysics, UK) from 190 to 260 nm.
The above solution was further diluted 4 times with PBS to
obtain 0.05 mg/ml PSA and HSA solution, and the fluorescence
spectra at the maximum excitation wavelength (Ex) of 280 nm
was recorded via a fluorescence spectrophotometer (RF6000,
SHIMADZU, Japan).

2.3.  Preparation and characterization of SchB-PSA/HSA
NPs

2.3.1. Preparation

SchB-PSA/HSA NPs prepared [29,30]. 300 pul
dichloromethane (Cdkelong, Chengdu, China) was used
to dissolve SchB (10 mg) and MCT (35 mg). Subsequently,
5 ml PSA solution (15 mg/ml) was added. The mixed solution
was sonicated at 220 W for 7 min (SCIENTZ-IID, Ningbo,
China), and the residual dichloromethane was dismissed
via rotary evaporation. The SchB-HSA NPs were obtained
with HSA instead of PSA as described above. Meanwhile, for

were

the biodistribution and cellular uptake studies, SchB was
replaced by DiD to obtain the DiD-PSA NPs and DiD-HSA
NPs.

2.3.2.  Characterization

The Zetasizer Nano ZS90 instrument (Malvern Panalytical,
Malvern, UK) was utilized for the measurement of particle
sizes, polydispersity indexes (PDIs), and zeta potentials of
SchB-PSA/HSA NPs. The transmission electron microscope
(TEM, H-600, Hitachi, Japan) was employed to characterize
the size and morphology of SchB-PSA/HSA NPs. Diluting the
SchB-PSA/HSA NPs 10 times, they were put into the copper
carrier net and stained with a 2% phosphotungstic acid
solution. Moreover, the encapsulation efficiency (EE) and drug
loading capacity (DLC) of both nanoparticles were determined
using the ultrafiltration method, and computed respectively
by Egs. (1) and (2) [29,30]:

Weight of SchB loaded

EE (%) = Weight of SchB added * -00% 1)
oy Weight of SchB loaded o

DLC (%) = Weight of nanoparticles x 100% @)

2.3.3. Stability

The changes in particle sizes and PDIs were indicators to
evaluate the stability of SchB-PSA/HSA NPs [29,30]. Firstly,
to investigate the stability at different storage temperatures,
SchB-PSA/HSA NPs were preserved at 4 °C or 37 °C for
7 d. Additionally, we investigated the dilution stability,
plasma stability and serum stability of these nanoparticles.
To evaluate the dilution stability, 1 ml SchB-PSA/HSA NPs
were diluted 5, 10, 20, 50 and 100 times with water or PBS,
respectively. To evaluate the stability in plasma and serum,
PBS, plasma/serum and SchB-PSA/HSA NPs were well-mixed
(1:1:1, v/v) in a thermostatic shaker (100 rpm, 37 °C) for 48 h.

2.4. Comparison of SchB-PSA/HSA NPs in vitro

Chinese Academy of Science Cell Bank (Shanghai, China)
offered Raw264.7 cells (murine macrophages), which
were grown in Dulbecco’s modified Eagle medium
(DMEM, BasalMedia, Shanghai, China), containing 10%
fetal bovine serum (Lonsera, Shanghai, China), and 5%
penicillin/streptomycin (Solarbio, Beijing, China) at 37 °C and
5% CO,.

2.4.1. Cellular uptake

Raw264.7 cells (1 x 10° cells per well) were treated
with/without 2 pg/ml LPS on 12-well plates for 24 h.
Subsequently, the old medium was replaced with 1 ml fresh
media containing DiD-PSA/HSA NPs (0.4 pg/ml DiD). After
2 h, cells were obtained, and analyzed by a NovoCyte Flow
Cytometer (ACEA Biosciences, China).

Additionally, to intuitively investigate and compare the
cellular uptake of two NPs, Raw264.7 cells were treated with
or not 2 pg/ml LPS for 24 h in glass-bottomed dishes. The
cells were incubated with DiD-PSA/HSA NPs diluted with the
free-serum medium for another 1 h. Eventually, cells were
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subjected to DAPI staining for 15 min at 37 °C [30]. The
fluorescent images of Raw264.7 and LAR cells given DiD-
PSA NPs or DiD-HSA NPs were obtained by a laser confocal
microscope (CLSM, Zeiss, Germany).

2.4.2. Cell viability

The cell viability between different preparations was
compared using the MTT assay [29,30]. LAR cells were
activated M1 macrophages by the co-incubation of Raw264.7
cells and 2 pg/ml LPS for 24 h at 37 °C. Raw264.7 and LAR
cells were placed in 96-well plates, and incubated with 100 pl
of SchB-PSA NPs, SchB-HSA NPs and free SchB at serial
concentration for 24 h. Afterwards, 100 pl MTT (0.5 mg/ml) in
fresh free-serum media was added and reacted with viable
cells to form formazan crystals, which were solubilized in
dimethyl sulfoxide (DMSO). The absorbance at 490 nm of these
plates was determined after shaking for 30 min (100 rpm,
37 °C). Cell viability was calculated using Eq. 3 [29,30].

Gell viability (%) = - eXt — Ablank

~ Acontrol — Ablank 100% (3)

For the cell viability of blank PSA NPs, blank HSA NPs and
DMSO, the blank carriers were added in the same volume as
the SchB-PSA/HSA NPs and free SchB solution.

2.4.3. Anti-inflammatory effect of SchB-PSA/HSA NPs in vitro
LPS (100 ng/ml) was used to induce M1 macrophages [44], and
then 15 pg/ml SchB-PSA/HSA NPs or SchB solution was added.
Cells cultured in the media with or without LPS served as a
positive control or a negative control group. The commercial
ELISA kits were used to analyze the levels of TNF-«, IL-18 and
IL-6 in the culture medium.

2.5.  Establishment of liver injury model

6-7 weeks KM mice (30-32 g) were offered by Dashuo
Experimental Animal, Inc. (Sichuan, China) and allowed
to adjust to their surroundings for one week before the
experiment. For the induction of ALI, mice were injected
intravenously LPS (10 pg/kg) and D-GalN (700 mg/kg) for 1 h
before the administration of different formulations [45]. All
experiments in vivo were done under the guidelines confirmed
by the Ethics Committee of Sichuan University.

2.6. M1 macrophages targeting effect of PSA NPs in vivo

We randomly divided 20 ALI mice into 4 groups (n = 5): DiD-
PSA NPs, DiD-HSA NPs, free DiD and control. The control
group of mice were administered saline intravenously, with
the other group of mice receiving an intravenous injection
of formulations at a dose of 200 pg/kg DiD. After 1.5 h, mice
were sacrificed. The livers were soaked in polyformaldehyde
for 48 h at room temperature and then made into 5 pm
paraffin sections. The liver section in the control group was
stained with anti-CD204 (SR-A), anti-CD86 antibody and DAPI
according to the instructions to observe the co-localization
of SR-A and M1 macrophages. The other liver sections in
the preparation groups were stained with anti-CD204 (SR-

A) and DAPI to observe the co-localization of SR-A and
DiD.

In addition, a flow cytometry was used to measure the
uptake of DiD-PSA/HSA NPs by M1 macrophages of ALI
mice. After the mice were sacrificed, 0.5 x 0.5 cm? of the
liver was triturated and filtered via a 70 pm cell strainer
(Biosharp, China) to obtain cell suspension. Subsequently,
non-parenchymal cells (NPCs) were obtained via centrifuging
at 600 rpm for 8 min at 4 °C, and transferred to a new tube [46].
After centrifuging at 900 rpm for 8 min at 4 °C, the NPC pellet
was obtained and mixed with 1 ml red blood cell lysis buffer
(TBDscience, China) in an ice bath for 5 min [15]. The liver
macrophages were extracted and stained with F4/80 and CD86
for 30 min at 4 °C. Cells were washed and finally suspended in
500 pl PBS. Finally, the cell suspension was filtered into a new
flow tube, and analyzed on a flow cytometer [47].

2.7.  Biodistribution study

By randomly assigning 54 ALI mice to three groups (n = 18),
the biodistribution of DiD-PSA/ HSA NPs, and free DiD in ALI
was carried out. These formulations were diluted with PBS
to the same dose of 200 pg/kg DiD, and were administered
intravenously for 1 h after the establishment of the AL model.
Mice were sacrificed at 2, 6 and 9 h after treatment with
LPS/D-GalN, and the liver tissues were obtained and imaged
through a Caliper in vivo imaging system Lumina III system
(PerkinElmer, USA).

2.8.  Pharmacokinetic study

200 + 20 g male Sprague Dawley (SD) rats (Dashuo
Experimental Animal, Inc.) were divided into 3 groups
(n = 6). Respectively, SchB-PSA NPs, SchB-HSA NPs and free
SchB were administered intravenously at the equivalent SchB
dosage of 12 mg/kg. 400 pl blood samples were collected at
pre-arranged time points (0.083, 0.25, 0.3, 1, 2, 4, 8, 12, 24, 36,
48 and 72 h), and then centrifuged at 3,000 rpm for 5 min to
acquire the plasma supernatant. The liquid chromatography-
mass spectrometry was used to measure the concentration
of SchB [48].

2.9.  In vivo therapeutic efficacy evaluation

The mice were divided randomly into 7 groups: LPS/D-
GalN + 12 mg/Kg SchB-PSA NPs (H-SchB-PSA NPs), LPS/D-
GalN + 8 mg/Kg SchB-PSA NPs (M-SchB-PSA NPs), LPS/D-
GalN + 5 mg/Kg SchB-PSA NPs (L-SchB-PSA NPs), LPS/D-
GalN + 12 mg/Kg SchB-HSA NPs (H-SchB-HSA NPs), LPS/D-
GalN + 12 mg/Kg SchB solution (H-SchB Solution), LPS/D-
GalN + saline and control. Mice in the control group were
administered with sterile 0.9% saline rather than LPS/D-GalN.
After 6 h post-administration of formulations, the animals
were sacrificed (Fig. 6A). The liver tissues were obtained,
washed and blotted dry with filter paper. The livers in all
groups were fixed and stained with H&E. The liver histology
score was evaluated by visualizing the entire H&E-stained
section as described [14,49]. Briefly, we used a 0 (normal) to
3 (severe necrosis) scoring method to assess the condition of
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liver injury (n = 3) [50]. What'’s more, the hepatic indexes (n = 6)
were calculated after the fresh liver samples were weighted
(Eq. 4) [51].

Fresh liver weight

Hepatic index = -
P Mouse weight

(4)

Meanwhile, the serum was obtained and centrifuged
(6,000 rpm, 5 min) at 4 °C for further measurement. The TNF-
@, IL-1, and IL-6 in the serum of formulations were analyzed
by ELISA kits (n = 6). The concentration of serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
serve as indicators for the overall degree of liver injury,
and were determined by the automatic biochemical analyzer
(Roche Co., Ltd., Germany) (n = 6) [45]. Additionally, the
mortality rates of all ALI mice were also recorded within 72 h
(n = 8) [45].

2.10. Western blot analysis

After 6 h post-administration of formulations in ALI mice,
we used the bicinchoninic acid (BCA) Kit (Dalian Meilun
Biotechnology co., Ltd., Liaoning, China) to measure the
concentration of total protein extracted in liver tissue. 30 ug
protein was separated and transferred to polyvinylidene
fluoride membranes [52]. These membranes were treated with
primary antibodies containing p-p65 (1:900), p65 (1:1,000), p-
IkBa (1:800), IxkBa (1:3,500) and B-actin (1:5,000), and then
incubated for 1 h with secondary antibodies (1:20,000).
The enzyme-linked chemiluminescence (Thermo Fisher, MA,
USA) was used to visualize the antibody binding in the
membranes, which was observed using Image] software
(National Institutes of Health, Bethesda, USA).

2.11. Proportion of M1 macrophages in the liver

Liver macrophages were extracted 6 h after intravenous
administration of SchB to ALI mice. The liver macrophages
were stained with anti-F4/80 and anti-CD86 antibody. A
flow cytometer was used to observe the percentage of
M1 macrophages in the liver after the treatment of SchB-
containing formulations.

2.12. Statistical analysis

The quantitative data were shown as average + standard
deviation (SD). Each experiment was implemented at least
three times. Non-linear regression in Drug and Statistics
software 2.0 (Mathematical Pharmacology Professional
Committee of China, Shanghai, China) was used to figure
out the pharmacokinetic parameters. A one-way analysis of
variance (ANOVA) and student’s t-test were used to evaluate
differences between numerous groups and two groups with
GraphPad Prism 6.0 (GraphPad, CA, USA), and P < 0.05 was
considered to be statistically significant.

3. Result and discussion

3.1.  Property and stability of SchB-PSA/HSA NPs

As reported in previous studies [29,30], PSA was synthesized
by the reaction between the lysine residue in HSA and PA-
NHSE (Fig. 1B). The circular dichroism spectrum showed that
PSA and HSA had altered secondary structure. The maximum
emission wavelengths (Em) in the fluorescence spectrum of
PSA and HSA were respectively at 315 nm and 334 nm (Fig.
S1). The blue-shifted Em of PSA is due to its hydrophobic
environment [29]. The results are consistent with our earlier
findings [29,30], and also prove the successful synthesis of
PSA.

The characteristics of the SchB-PSA/HSA NPs are exhibited
in Table 1. PDIs of the SchB-PSA and SchB-HSA NPs were
163.3 nm (0.12) and 170.2 nm (0.06), respectively. TEM
consistently showed that PSA had smaller particle sizes
(Fig. 2A and 2B). The average zeta potentials of SchB-PSA NPs
and SchB-HSA NPs were —37.3 mV and —15.4 mV (Fig. S2).
PSA exhibited a more negative charge because the amino
groups in PSA were lesser than that of HSA. Additionally,
the blank PSA/HSA NPs and the DiD-PSA/HSA NPs had
similar sizes, PDIs and zeta potentials as corresponding drug-
loaded nanoparticles (Fig. S3), indicating that loading SchB
or DiD did not affect the properties of PSA or HSA NPs
and DiD-encapsulated NPs can be used for cellular uptake,
in vivo distribution and other experiments. Moreover, the
hydrophobicity of PSA makes it possible to encapsulate

NHx

A NH. NIl
N > N P
o # Nﬁ NIl NI
PA-NHSE HSA
PH 847
37C
O
Emulsion solvent
PSA % evaporation method
B —
O + H
. MCT Sche

Fig. 1 - Schematic illustration of the formation of SchB-PSA NPs. SchB chemical structure (A), and the preparation of PSA and

SchB-PSA NPs (B).
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Table 1 - Characteristics of SchB-PSA/HSA NPs (mean =+ SD, n = 3).
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Fig. 2 - Physicochemical properties of the SchB-PSA/HSA NPs (n = 3). PDI and TEM of SchB-PSA (A) or SchB-HSA NPs (B).
Storage stability of SchB-PSA/HSA NPs at 4 °C (C) or 37 °C (D). The dilution stability of SchB-PSA/HSA NPs in water (E) or PBS
(F). The stability of SchB-PSA/HSA NPs in plasma (G) or serum (H) for 48 h.

SchB better, and SchB-PSA NPs showed slightly higher EE and serum (Fig. 2G & 2H and S4). These stabilities suggest that
(98.2% vs 94.8%) and DLC than SchB-HSA NPs (5.90% vus SchB-PSA NPs may be more stable than SchB-HSA NPs after

4.78%). entering circulation, which is essential for intravenous drug
Although the changes of both NPs in particle sizes and delivery systems [53].
PDIs at 4 °C for 7 d were negligible, the particle sizes of As previously reported [29,30], the «-helix makes the

SchB-HSA NPs at 37 °C increased by 40 nm (Fig. 2C& 2D structure of PSA tighter and more stable. And PSA is more
and S4). These datas indicate that SchB-PSA NPs have better hydrophobic than HSA to form more compact and stable NPs
stability under long-term storage conditions at 4 °C or 37 °C, with the hydrophobic drug. The factors above explain why
compared with SchB-HSA NPs. The dilution stability is critical SchB-PSA NPs show smaller particle sizes, higher EE and DLC,
to avoid nanoparticle disassembly and drug unloading after and more outstanding stabilities than SchB-HSA NPs.
intravenous injection [53]. Our studies showed that SchB-PSA

NPs and SchB-HSA NPs exhibited excellent dilution stability 3.2.  Cell experiment of SchB-PSA/HSA NPs

in water or PBS (Fig. 2E and 2F). Meanwhile, interactions with

serum protein may induce the premature release of drugs 3.2.1. Cellular uptake

from NPs before they reach their target sites [53-55]. Therefore, To induce Raw264.7 cells to polarize into M1 macrophages,
we studied the plasma and serum stability of SchB-PSA/HSA 2 pg/ml LPS was added [29,52]. After the stimulation of LPS,
NPs. They showed excellent stability in plasma or serum over the cell morphology changed from cobblestone to spindle-
48 h. However, the size of SchB-HSA NPs increased by 34.1 nm shaped (Fig. S5). Raw264.7 took up DiD-PSA NPs about 3.77
at 48 h in serum, and the PDIs were more than 0.3 in plasma times greater than DiD-HSA NPs. Notably, LAR took DiD-PSA
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Fig. 3 - The cellular uptake of DiD-PSA/HSA NPs on Raw264.7 and LPS-activated macrophages for 2 h (A) (n = 3); Cytotoxicity
of SchB -PSA NPs, SchB -HSA and SchB solution on Raw264.7 (B) and LAR (C) (n = 6); Confocal images of DiD-PSA/HSA NPs

on Raw264.7cells (D) and LAR (E) (n = 3). Red: DiD; Blue: DAPI.

Scale bar = 50 pm; Effects of SchB-PSA NPs, SchB-HSA NPs

and SchB solution on the generation of TNF-« (F), IL-18 (G) and IL-6 (H) on LAR cells. The concentration of these cytokines in
the negative control group is below the standard curve. *P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001. NS: no

significance.

NPs around 8.79 times greater than the DiD-HSA NPs (Fig. 3A).
Consistently, the laser confocal microscopy also showed that
DiD-PSA NPs had higher uptake in LAR (Fig. 3D and 3E). These
results provide strong evidence for the targeting effect of PSA
NPs for M1 macrophages.

3.2.2. Cytotoxicity

The cytotoxicity of all formulations was dose-dependent
according to the MTT assay. At almost all concentrations
tested, there was no difference between the cytotoxicity of
free SchB in the two cell types, indicating that SchB is a
potent compound with no selectivity between Raw264.7
and LAR. Meanwhile, SchB-HSA NPs exhibited more
significant cytotoxicity in Raw264.7 cells than SchB-PSA NPs
(Fig. 3B). However, SchB-PSA NPs exhibited more significant
cytotoxicity in LAR than SchB-HSA NPs (Fig. 3C), showing that

SchB-PSA NPs have selectivity against M1 macrophages. Next,
we explored the cytotoxicity of blank NPs on macrophages
(Fig. S6). The blank PSA NPs, blank HSA NPs, or DMSO solution
had little cytotoxic effects with high viability on two types of
cells (>85%). All these results indicated that SchB-PSA NPs
could significantly eliminate M1 macrophages than SchB-HSA
NPs.

3.2.3. Anti-inflammatory effect of SchB-PSA/HSA NPs in vitro
Among these formulations, SchB-PSA NPs obviously
restrained the production of TNF-«, IL-18 and IL-6. Although
SchB-HSA NPs also suppressed these inflammatory factors,
there was no significant difference between SchB-HSA NPs
and free SchB solution for TNF-« and IL-18 production
(Fig. 3F=3H).
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3.3. M1 macrophage targeting effect in vivo

The fluorescence of CD86 and CD204 was almost completely
overlaid, which illustrates that SR-A is highly expressed on
M1 macrophages in ALI mice (Fig. 4A) [29]. The confocal
microscopy also showed that DiD-PSA NPs localized to SR-
A. At the same time, only a small number of DiD-HSA NPs
and a minimal number of free DiD overlapped with SR-A
(Fig. 4B). These results demonstrate that PSA NPs target M1
macrophages via SR-A so that PSA NPs could be taken up by
M1 macrophages.

The M1 macrophages were isolated from the liver of ALI
mice, and then we assessed the uptakes of DiD-PSA/HSA NPs
using a flow cytometry. As shown in Fig. 4C, the uptake of DiD-
PSA NPs was 1.90 and 4.20 times higher than that of DiD-HSA
NPs and free DiD, which further exhibits the targeting ability
of PSA NPs on M1 macrophages.

3.4.  Pharmacokinetics and biodistribution of NPs in vivo

SchB-PSA NPs exhibited the highest peak plasma
concentration, the larger area under the curve (AUC), and
the longest circulation time (Fig. 5A and 5B). The AUCy.; of
SchB-PSA NPs was 1.53 and 2.46 times higher than that of
SchB-HSA NPs and free SchB solution. Moreover, the half-time
of SchB-PSA NPs has been prolonged by about 13 h, compared
with the free SchB solution. These results demonstrate that
the circulation time could be prolonged and the bioavailability
could be improved with SchB-PSA NPs compared with HSA
NPs, which is due to the stabilities of SchB-PSA NPs [29,30].
Next, in vivo imaging system was used to estimate the
distribution of the DiD-PSA/HSA NPs in ALI mice. DiD-PSA
NPs exhibited stronger fluorescence intensity in the liver at
different time intervals than DiD-HSA NPs (Fig. 5C). Even the
semiquantitative analysis of liver tissues at 9 h displayed that
the DiD-PSA NPs exhibited stronger fluorescence intensity,
which was 2.89 and 3.29 times than that of DiD-HSA NPs and
DiD group (Fig. 5D-5F). These results confirm that PSA NPs
could achieve more accumulation and longer retention in the
liver on ALI mice than HSA NPs due to the M1 macrophage
targeting effect and extended SchB circulation time.

3.5.  Therapeutic efficacy of SchB-PSA/HSA NPs

LPS/D-GalN-caused ALI has similar pathogenesis to human
fulminant hepatitis [14|. Therefore, LPS/D-GalN has been
commonly used to induce ALI for laboratory animal
models [8,13,32,43,56]. There were inflammatory infiltration,
destruction of liver cells, congestion of the liver, and a high
mortality rate in ALI mice [2,50]. Conventional treatment
indicators include the H&E staining, the hepatic index, the
levels of AST and ALT, and the survival rates.

After establishing the ALI model according to the process
diagram (Fig. 6A), severe liver congestion could be observed in
all moribund or dead ALI mice [51]. The gross examination of
the liver showed that LPS/D-DalN induced severe congestion
in the saline group, and the high-dose SchB-PSA NPs
could reduce the degree of congestion in liver tissues
(Fig. 6B). Meanwhile, the H&E staining images of liver
tissues were assessed according to the method described

[48,51]. We observed extensive hepatic damage and significant
inflammatory cell infiltration in the ALI mice. And the high-
dose SchB-PSA NPs could significantly decrease the degree
of hepatocellular necrosis (Fig. 6C and 6D). Moreover, liver
weights were raised because of liver congestion (Fig. 6E). The
mice in the saline group had a higher hepatic index than the
other ALI mice. However, the hepatic index in the high-dose
SchB-PSA NPs was the lowest in all ALI mice. All these results
display that PSA NPs have a preeminent efficacy on reducing
the necrosis in hepatocytes, the number of inflammatory cells,
and the congestion of the liver.

Some researches demonstrate that TNF-«, IL-18 and IL-6
are vital for the progression of ALI [14,57-59]. These cytokines
regulate the inflammatory process and cause apoptosis, liver
damage, and even death in ALI [50,57]. Especially, TNF-« is
regarded as the leading cytokine that causes the mortality
of ALI caused by LPS/D-GalN [50]|. Therefore, the levels of
these inflammatory cytokines are indicators for treating ALIL
To further compare the anti-inflammatory action of SchB-
PSA/HSA NPs in vivo, inflammatory factors above in the serum
were measured by ELISA (Fig. 6F-6H). The concentration of
inflammatory factors was considerably lowered after the
treatment of high-dose of SchB-PSA NPs. Especially, the
medium-dose of PSA NPs had a more powerful inhibitory
effect on the release of TNF-« and IL-18 than high-dose
HSA NPs. Furthermore, the low-dose PSA NPs showed better
inhibition of the generation of IL-6 than the SchB solution.

The serum AST and ALT concentrations are often related
to the condition of liver injury [60]. The sharp rise in AST and
ALT values 6 h after the establishment of the animal AL model
suggested the emergence of acute liver failure [43]. The results
exhibited that serum AST and ALT values of ALI mice given
high-dose SchB-PSA NPs were significantly reduced to near
the normal level, compared with other ALI mice (Fig. 6I and 6]),
which is consistent with the histopathological examination
and the levels of inflammatory factors.

Rapidly progressing hepatic failure is the cause of the high
lethality of ALI mice induced by LPS/D-GalN [49]. Sudden
death commonly occurred within 10 h, and no ALI mice could
survive within 24 h. However, the survival rate was improved
to 75% in the high-dose SchB-PSA NPs group in 72 h (Fig. 6K).
The survival rate of the medium-dose and low-dose SchB-PSA
NPs was 37.5%, while the survival rate of the high-dose SchB-
HSA NPs was 25%. All the mice given high-dose SchB solution
died at 48 h, and the mice in the saline group all died at 30 h.

These results indicate that SchB-PSA NPs have a potent
therapeutic effect on ALI High-dose SchB-PSA NPs are more
effective than high-dose SchB-HSA NPs and high-dose free
SchB solution on ALI mice. Medium-dose SchB-PSA NPs are
also more effective than high-dose SchB-HSA NPs, and low-
dose SchB-PSA NPs even have a better treatment effect than
high-dose SchB solution. This prominent therapeutic effect of
PSA NPs is closely related to the slow-release effect of SchB-
PSA NPs and the ability to target M1 macrophages. SchB-PSA
NPs could extend the circulation time of SchB and promote the
uptake of SchB by M1 macrophages via SR-A, thus enhancing
the accumulation of SchB in M1 macrophages in the liver.
Hence, PSA NPs could effectively reduce liver inflammation,
ameliorate liver damage and prolong survival in ALI
mice.
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3.6.  Mechanism of SchB-PSA NPs treating ALI

LPS induced-M1 macrophage polarization via binding to toll-
like receptor (TLR)—4 after the administration of LPS/D-GalN
[61]. IxkBa was phosphorylated and subsequently contributed
to the phosphorylation of NF-«B [62]. NF-«<B activation can
result in the production of pro-inflammatory cytokines, and
the polarization of M1 macrophages, which can ultimately
create severe liver damage [36,63-65]. Consequently,
suppressing NF-«B activation is an encouraging strategy
for treating ALI [66]. We further studied the phosphorylation
of NF-«B and IkBa by Western blot (n = 3) (Fig. 7A-7C, and

S7). The outcomes demonstrated that LPS/D-DalN could
promote the expression of p-p65 and p-IkBe. In particular,
the inhibitory effect of PSA NPs was dose-dependent, and
the expression levels of two phosphorylated proteins were
significantly reduced to the same extent as the saline group
after treating high-dose SchB-PSA NPs. Medium-dose SchB-
PSA NPs had a comparable level of p-p65 with the high-dose
SchB-HSA NPs, and the expression level of p-IkBa of the
former was even lower than the latter. The p-p65 and p-IkBa
of low-dose SchB-PSA NPs were less expressed than that
in high-dose SchB solution. The remarkable SR-A targeting
effect enables rapid and massive uptake of SchB-PSA NPs
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by activated M1 macrophages so that SchB-PSA NPs could
efficiently suppress the phosphorylation of NF-«B and IkBe in
ALI mice, compared with SchB-HSA NPs and free SchB.

Consistently, the flow cytometry showed that the SchB-PSA
NPs exhibited a notable effect on reducing the expressions
of M1 macrophages. The SchB-PSA NPs and SchB-HSA NPs
decreased the percentage of M1 macrophages in the liver to
27.53% and 44.40%, while the proportion of healthy mice was
20.01% (Fig. 7D). Inhibition of the activation of M1 macrophage
is essential to reduce inflammation in the liver. PSA delivered
SchB to activated M1 macrophages in ALI mice, and efficiently
prevented the activation of M1 macrophages. Therefore, SchB-
PSA NPs have outstanding therapeutic effects against ALL

These results prove that SchB-PSA NPs are attractive for
the treatment of ALI due to suppressing the activation of
M1 macrophage through down-regulating the NF-«B signaling
pathway.

4, Conclusion

In order to overcome the drawbacks of the current
macrophage-targeted drug delivery systems, PSA was used

to encapsulate SchB in this study. Compared with HSA NPs,
PSA NPs not only had excellent stabilities and superior drug
delivery performance but also showed a potent targeting
effect on activated M1 macrophages in vitro and in vivo. In
vitro, PSA NPs displayed potent cytotoxicity and outstanding
anti-inflammatory action. In vivo, the remarkable targeting
effect on M1 macrophages and the prolonged circulation
time of SchB-PSA NPs made them accumulate more in the
liver of ALI mice and achieved a better treatment effect. The
SchB-PSA NPs reduced the production of pro-inflammatory
cytokines and diminished the number of M1 macrophages
to near the average level via downregulating the NF-«B
pathway. Therefore, SchB-PSA NPs effectively controlled the
inflammatory response in the liver and reduced liver damage
in ALI mice.

All in all, these discoveries demonstrate that PSA has
prominent targeting of M1 macrophages, thus making
it a viable vehicle for treating the acute liver injury.
Meanwhile, M1 macrophages are essential cells involved in
the pathological process of diverse liver diseases, and SchB
is a promising candidate to treat liver diseases. Hence, SchB-
PSA NPs may hold great promise for treating various liver
diseases.
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